Recombinant human immunodeficiency virus type 1 (HIV-1) strains containing sequences from different viral genetic subtypes (intersubtype) and different lineages from within the same subtype (intrasubtype) have been observed. A consequence of recombination can be the distortion of the phylogenetic signal. Several intersubtype recombinants have been identified; however, less is known about the frequency of intrasubtype recombination. For this study, near-full-length HIV-1 subtype C genomes from 270 individuals were evaluated for the presence of intrasubtype recombination. A sliding window schema (window, 2 kb; step, 385 bp) was used to partition the aligned sequences. The Shimodaira-Hasegawa test detected significant topological incongruence in 99.6% of the comparisons of the maximum-likelihood trees generated from each sequence partition, a result that could be explained by recombination. Using RECOMBINE, we detected significant levels of recombination using five random subsets of the sequences. With a set of 23 topologically consistent sequences used as references, bootscanning followed by the interactive informative site test defined recombination breakpoints. Using two multiple-comparison correction methods, 47% of the sequences showed significant evidence of recombination in both analyses. Estimated evolutionary rates were revised from 0.51%/year (95% confidence interval [CI], 0.39 to 0.53%) with all sequences to 0.46%/year (95% CI, 0.38 to 0.48%) with the putative recombinants removed. The timing of the subtype C epidemic origin was revised from 1961 (95% CI, 1947 to 1962) with all sequences to 1958 (95% CI, 1949 to 1960) with the putative recombinants removed. Thus, intrasubtype recombinants are common within the subtype C epidemic and these impact analyses of HIV-1 evolution.
Human immunodeficiency virus type 1 (HIV-1) genetic diversity is generated during viral replication and is caused by error-prone reverse transcription, host-mediated hypermutation, and recombination. Recombination has been estimated to occur approximately 2.8 times per genome per viral replication cycle (61) . Detectable recombination requires simultaneous infection with more than one virus at the cellular level. In a previous report, an average of three to four distinct proviral genomes were found in infected spleen cells (21) , indicating that conditions do exist for extensive recombination between different viral genomes. Indeed, numerous intersubtype recombinants resulting in both unique forms found in single individuals and circulating forms have been observed (http://hiv-web.lanl.gov/content/hiv-db /CRFs/CRFs.html). Furthermore, recombination among sequences from the same subtype, or intrasubtype recombination, has also been observed within individual patients (36, 47, 59) .
Recombination can distort the phylogenetic signal. In phylogenetic analyses, the variant sites in the recombinant portions of the genome will appear as parallel evolution (homoplasy) instead of a single lineage. This can cause longer branch lengths, overestimate the substitution rate heterogeneity, and cause false rejection of molecular clock hypotheses (26, 44) . Furthermore, this effect can confound studies involving the association of viral evolutionary changes and other factors such as host genetics (3, 32) . As a result of greater sequence similarity, it is more difficult to detect intrasubtype recombination than intersubtype recombination and the true amount of intrasubtype recombination is unknown. For these reasons, intrasubtype recombination is commonly ignored in phylogenetic analyses of HIV-1 sequences.
Subtype C is the most prevalent HIV-1 subtype worldwide and, thus, a critical target for vaccine design. Phylogenetic analysis of viral sequences at the host population level can allow for the estimations of ancestral sequences, rates of viral evolution, and geographic clustering, which may be important for the design of an effective vaccine. The presence of intrasubtype recombination within subtype C genomes may impact these analyses. This study addresses the prevalence of intrasubtype recombinants among near-full-length subtype C ge-nomes at the host population level and their impact on phylogenetic analyses.
MATERIALS AND METHODS
Selection of sequences. Sequences were selected from the Los Alamos HIV-1 sequence database (http://hiv-web.lanl.gov/content/hiv-db/mainpage.html) in August 2005 (n ϭ 118) and from sequences obtained as part of our studies of South African subjects (n ϭ 152) from KwaZulu-Natal Province, South Africa (42) . The South African sequences we obtained were collected as part of a study approved by the University of Washington and University of KwaZulu-Natal internal review boards, and all subjects gave informed consent. The country of origin and the year of sample collection were available for most sequences from the Los Alamos database. In addition, viral load and CD4 T-cell counts were available for the 145 South African subjects (22) . All subtype C sequences of Ն8 kb were included in the final data set. A total of 270 subtype C sequences were collected for analysis. All sequences were evaluated for intersubtype recombination using REGA (7) and RIP 3.0 (http://www.hiv.lanl.gov/content/hiv-db /RIP3/RIP.html). Two were found to be dissimilar intersubtype recombinants and were confirmed with bootscanning as implemented in SimPlot (27) using consensus sequences for subtypes A to H, followed by the informative site test (39) . Both of these sequences were removed from the data set. Both were unique recombinants between subtypes C and A and were not similar to any known circulating recombinant form (GenBank accession numbers DQ351238 and DQ093606). Five sequences were found to be hypermutated by using the program Hypermut (41) and were also removed, leaving 263 sequences for analysis (Table 1 and http://mullinslab.microbiol.washington.edu/HIV/Rousseau2007 /TableS1.html). Sequences were aligned using ClustalW, version 1.83 (55) , and MacClade, version 4.08 (28) , and regions of uncertain positional homology were removed (i.e., repetitious elements and the internal regions of the env variable loops). The total sequence length of the final alignment was 7,701 bp.
Phylogenetic analysis. Maximum-likelihood trees were inferred using PHYML (15) as follows: 100 bootstrap trees were generated from BIONJ (9) start trees; the bootstrap trees were used in turn as starting trees for a final maximumlikelihood analysis with PHYML (15) . Since the results of phylogenetic analyses using heuristic searching algorithms depend on the starting trees, we used the bootstrap trees to provide a variety of starting conditions. This method was validated by using a set of 45 sequences encompassing the C2V5 region of env (549 nucleotides) (data not shown) and comparing the results of the abovedescribed method to those of two alternate methods: (i) a maximum-likelihood tree using a single BIONJ start tree in PHYML (15) and (ii) a maximumlikelihood tree from PAUP*, version 4.0b10 (53) , calculated with tree-bisectionreconnection rearrangement from both 10 random-addition orders and a neighbor-joining start. The best tree from the original method always produced a higher likelihood score than those from the two alternate methods.
Identification of reference sequences. The viral genome length alignment was divided into a series of 16 partitions of approximately 2,000 bp, with a 1,615-bp overlap. An average of 1,057 informative sites were present in each partition (range, 855 to 1,251). The partition and overlap sizes were designed to balance the need for sufficient sequence to generate an accurate tree and to be small enough to allow topological variation based on small regions of recombination. Each partition was used to generate a maximum-likelihood phylogenetic tree as described above. Reference sequences (n ϭ 23) were identified by comparing the trees generated from each of the partitions to each other and to the tree generated from the full-length alignment. Sequences that were in clusters with Ն70% bootstrap support in the tree from the full-length alignment and that were in the same topological position in each of the partition trees were defined as reference sequences. The most recent common ancestor of clusters consisting of three or more reference sequences was selected to represent those clusters.
Identification of recombination. Each nonreference sequence was compared to the reference set using two passes of bootscanning as implemented in SimPlot (27) . The first pass consisted of a comparison of the query sequence to the full set of reference sequences. A second-pass bootscan was performed comparing the query to a subset of references that appeared to be parental sequences based on the first pass. Putative breakpoints were identified, and the informative site test was used to evaluate the significance level supporting recombination (39) . Two methods of evaluating the statistical significance of the informative site distributions were used. The first involved a chi-square value with Yates' correction. The values with a false discovery rate of Յ0.05 (2) were considered to provide significant evidence of recombination. The second method involved Fisher's exact test followed by the calculation of the q value (52), a number that indicates the proportion of false-positive results expected among the total significant results. Sequences with q values of Յ0.05 were considered to have significant evidence of recombination.
The 16 partitions of the full-length alignment were modified by removing the first and second codon position sites for nonoverlapping coding regions. In parallel, the complete sequence alignment was also divided into coding regions corresponding to p17, p24, p2/p7, protease, reverse transcriptase, RNase H, integrase, Vif, Vpr, Tat/Rev exon1, Tat/Rev exon2, Vpu, gp120, gp41, and Nef. The Shimodaira-Hasegawa test (46) was performed to compare the topologies of the phylogenetic trees from the 16 partitions of the near-full-length sequence, the 16 partitions of the third-codon-position sites, and the coding region partitions by using PAUP*.
Other statistical analysis. The Slatkin-Maddison test (48) was performed to evaluate geographic clustering by using MacClade, version 4.08 (28) . The association of recombinants with terminal branch lengths was evaluated using multivariate linear regression with year of sample as a covariate. The most recent common ancestors (MRCAs) were estimated using PAUP* (53) based on the evolutionary model estimated using PHYML (15) . The estimates of the year of origin of the subtype C epidemic, the year of origin of the three sample recombinants (TV002, 00BW192113, and 98IN012), and the divergence rate were attained using previously described methods (24) which were adapted for use with sampling times known to the nearest day, month, or year. Clinical and demographic associations were evaluated in Stata 8.0 (StataCorp, College Station, TX) using linear regression and the chi-square test. The rate of recombination was estimated using RECOMBINE, version 1.4.1 (25) . Because it would be computationally too intensive to analyze the complete data set with RECOM-BINE, five sets of 20 sequences were randomly selected without replacement using the Random function in Microsoft Excel (version 11.2.3) and each of these sets was used for the estimation of the recombination rate.
RESULTS

Geographic clustering.
The maximum-likelihood phylogenetic tree of the near-full-length sequences revealed several clusters with Ն70% bootstrap support (Fig. 1) . Several of the well-supported clusters corresponded to geographic regions and thus presumably resulted from founder events. There was significant evidence of overall geographic clustering (P Ͻ 0.0001) but no evidence of geographic clustering within South Africa (P ϭ 0.23). Significant clusters consisting of sequences from a single geographic region included a cluster with sequences from Ethiopia, South America, India, and Botswana as well as several clusters of sequences from South Africa.
Recombination in the data set. The percent difference in log likelihoods of the tree topologies given the sequence data for 
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RECOMBINANT HIV-1 SUBTYPE C GENOMES 4493 each of the 16 sliding window partitions were compared to each other and to that of the tree generated from the fulllength alignment. A total of 272 comparisons were performed ( Table 2) . Ninety-one percent of the comparisons showed a significant difference in likelihood, suggesting that these regions evolved along different topologies. The tree topologies of each genetic region were similarly compared, and 99.6% of the comparisons were significant (data not shown). The presence of recombination in the data set is one explanation for the observed high levels of divergence. Because convergent evolution due to parallel replacement of amino acids may also lead to incongruence in phylogenetic tree topologies, the same analysis was repeated with only the third position of each codon included (data not shown), as it is less likely to be under selective pressure. Similarly, 90% of comparisons were found to be significant, suggesting that recombination was likely to have taken place among the sequences in this data set and that recombination takes place throughout the genome. The rate of recombination was estimated for five sets of 20 randomly selected sequences. The 95% confidence interval (CI) of each estimate did not overlap zero, providing further evidence for the presence of recombination among this set of sequences. The per-site ratio of the recombination rate to the mutation rate ranged from 0.0023 (95% CI, 0.0010 to 0.0044) to 0.0067 (95% CI, 0.0039 to 0.010). Using these recombination rates, an average divergence value of 0.3170 in our tree, and a previously reported mutation rate of HIV (2.5 ϫ 10 Ϫ5 ) (29), we calculated an expected 5.6 to 16.4 recombination events per genome.
Identification of recombinants. A total of 23 reference sequences (including ancestral states) that maintained consistent topological positioning in the 16 partition trees were identified.
Nonreference sequences (n ϭ 167) were compared to the reference set using two passes of bootscanning, followed by the informative site test (Fig. 2) . The number of informative sites matching each parental sequence was used in a contingency table, and either a Yates-corrected chi-square test or a Fisher exact test was performed to determine whether significant evidence of recombination existed. At a false discovery rate of Յ0.05, the Yates-corrected chi-square values showed that 77 (47%) of the sequences had significant evidence of recombination while the Fisher exact test showed the same 77 sequences plus an additional 40 (25%), for a total of 72%, with a q value of Յ0.05. Among the 77 putative recombinants defined from both analyses, 16% had putative parental sequences that were ancestors from the South American cluster, Indian cluster, or Ethiopian cluster. From the estimated time of origin of the parental fragments (regions flanking the most significant breakpoints) (Fig. 2) , the recombination events were estimated to have taken place after 1982 for TV002, after 1980 for 00BW192113, and after 1974 for 98IN012.
Impact of the putative recombinants. The 77 putative recombinants identified using both methods of multiple comparison were removed from the alignment, and the maximumlikelihood phylogenetic tree was regenerated using PHYML (15) . Evidence of geographic clustering remained significant (P Ͻ 0.0001), and clustering within South Africa remained nonsignificant (P ϭ 0.08). The MRCA estimated from the tree generated from the complete set of sequences differed slightly from the MRCA generated from the set of sequences with the putative recombinants removed (0.23% nucleotide distance and 0.43% amino acid difference). The consensus sequence of the complete data set was less impacted by the removal of the FIG. 1. Maximum-likelihood tree of the complete set of subtype C sequences. Terminal clusters with more than two sequences and Ն70% bootstrap support are highlighted. Additional bootstrap values are given at the corresponding node. Clusters with sequences from a single geographic region are labeled to the right of the cluster, with the letters corresponding to the nations represented according to the ISO3166 code list (http://www.iso.ch/iso/en/prods-services/iso3166ma/02iso-3166-code-lists/list-en1.html). Dots indicate putative recombinant sequences. The outgroup is indicated with a bracket. ZA, South Africa; IN, India; MM, Myanmar; TZ, Tanzania; BR, Brazil; AR, Argentina; UY, Uruguay; ET, Ethiopia. recombinant sequences (0.05% nucleotide distance and 0.09 to 0.17% amino acid difference).
To estimate the time of origin of the subtype C epidemic, we used only the third position site from each codon, as this position does not change the encoded amino acid as often and is therefore under less selective pressure than the first and second positions. The rate of HIV-1 divergence was then estimated with and without the 77 putative recombinants. The estimated rates were slightly shifted without the recombinants: 0.51%/year (95% CI, 0.39 to 0.53%) with all sequences versus 0.46%/year (95% CI, 0.38 to 0.48%) with putative recombinants removed. The estimates of the year of origin of the subtype C epidemic were slightly different between the two groups: 1961 (95% CI, 1947 to 1962) with all sequences versus 1958 (95% CI, 1949 to 1960) with the recombinants removed. These results were more dramatic when we removed the additional 25% of the sequences that had been identified as recombinants in the Fisher exact test with a q value of Ͼ0.05 (divergence rate, 0.37%/year [95% CI, 0.27 to 0.41%]; origin,
[95% CI, 1932 to 1956]).
The 77 putative recombinant genomes that had been identified using both methods of correction for multiple comparisons were significantly associated with longer branch lengths after we adjusted for the year of sampling (P ϭ 0.001) but were not significantly associated with any particular country, year, or geographic region (P Ͼ 0.05). Nor were recombinants significantly associated with viral load or CD4 T-cell counts (P Ͼ 0.05).
DISCUSSION
This study demonstrates that intrasubtype recombination is frequently detected among near-full-length HIV-1 subtype C genomes. For observable recombination to take place in lentiviral infections, an individual must be infected with two different viral strains (dual infection) and these strains must then infect the same cell, be copackaged, and form an infectious new virion. Dual infection with different subtypes or the same subtype has been reported to be common (1, 5, 12-14, 17-19, 49, 54, 60) , and newly generated recombinants have been observed within some (8, 10, 31, 35, 36) but not all (4, 6, 23) dually infected patients. Furthermore, recombination has been RECOMBINANT HIV-1 SUBTYPE C GENOMES 4497 observed in multiply infected cells (21) and the observation of circulating recombinant forms demonstrates that recombinant HIV-1 genomes are capable of being transmitted (http://hiv-web .lanl.gov/content/hiv-db/CRFs/CRFs.html). Thus, the results we describe from our study are consistent with the biology and epidemiology of HIV-1. Although we can conclude that recombination is extensive, the rate of recombination does not need to be high for a high number of recombinants to be present. Using the lowest recombination rate per mutation rate estimated in our study (0.0023), we calculated at least 5.6 recombination events per genome. This suggests that even with a low recombination rate, most genomes are predicted to be recombinants. Furthermore, our estimated recombination rate was much lower than the mutation rate, despite the fact that we know that recombination occurs 2 to 3 times per replication cycle per genome, a frequency 10 times greater than for the generation of point mutations (20, 29, 61) . We expect that we are not detecting all recombinant genomes, as some of them may have parental sequences that are genetically too similar to distinguish using the methods employed in this report. Because recombination between two very similar viral strains is difficult to detect, many HIV-1 sequences will never be identified as recombinants. The limiting factors in the identification of recombinants are thus the occurrence of dual infection and the degree of divergence of the dually infecting strains.
We demonstrated that recombination had a modest impact on the inferred MRCA and a greater influence on the estimated rate of HIV-1 evolution. Because recombinant regions of a genome can be incorrectly scored as parallel evolution, it is not surprising that our estimate of the rate of HIV-1 evolution with the recombinants removed was lower than that with all sequences. Because of this, it was also not surprising that the estimated date of origin of the subtype C epidemic with the recombinants removed was earlier than that with all sequences. From a previous analysis of envelope sequences, the MRCA of the HIV-1 epidemic in humans is thought to have taken place near 1930 (95% CI, 1913 to 1944) (24) . Another report based on an analysis of envelope and gag sequences showed the estimated origin of the subtype C epidemic to have taken place in 1962 (95% CI, 1956 to 1968 based on the full envelope alignment and genetic distance) (56) . Using the most conservative definition of recombinant (resulting in 47% recombinants), our estimate of the origin of the subtype C epidemic (1958 ( [95% CI, 1949 ( to 1960 ) places the date of origin of the subtype C epidemic several years after the origin of the HIV-1 epidemic and within the 95% CI of the previous estimate of the origin of the subtype C epidemic. Removing the more broadly defined recombinant sequences (77%), we found that the estimate of the origin was even earlier (1954 ( [95% CI, 1932 ( to 1956 ) and barely within the CI of the previous estimate based on gag sequences. Both of our estimates of the divergence rate for subtype C without the putative recombinants (0.46%/year [95% CI, 0.38 to 0.48%] and 0.37%/year [95% CI, 0.27 to 0.41%]) were higher than that previously reported for all subtypes (0.24%/year [95% CI, 0.18 to 0.28%]) (24) . This may be due to the use of different evolutionary models, third-site positions (versus all codon positions), and entire genome sequences (versus gp160). We conclude that the presence of intrasubtype recombination has implications for future phylogenetic analyses using these or other sequences, because taking recombination into account may increase estimate accuracy.
Using additional data and analyses compared to previous reports, we were also able to further identify evidence of geographic clustering within the subtype C epidemic (11, 16, 30, 33, 34, 37, 40, 43, 45, 51, 57, 58, 62) . Vaccine candidates designed on regional HIV-1 subtype C strains may be able to provide greater sequence coverage than those designed on all subtype C sequences detected to date. The impact of recombination was negligible in the context of overwhelming evidence of geographic clustering.
The primary limitation to recombination analysis is the difficulty in identifying a null distribution for comparison, as all present-day viruses are recombinants at some level. The Fisher exact test used in this study was a conservative test for evaluating the distribution of informative sites surrounding a putative breakpoint. A conservative false discovery rate (q Յ 5%) was then applied to the resulting P values as a mechanism to take multiple comparisons into account. However, the chisquare values adjusted with false discovery rate correction resulted in a lower estimate of the number of recombinants (47% versus 72%). In either case, a large proportion of the sequences were identified as intrasubtype recombinants. An alternate method suggested by Maynard Smith (29a) was to compare the results of the informative site analysis to those of a distribution of identical tests performed on a set of nonrecombinant genomes. Nonrecombinant genomes were simulated by randomizing the nucleotide columns in the sequence alignment. The identification of putative recombinants was then repeated many times with the randomized data set to establish a null distribution for comparison. An automated version of this method is available that allows a single breakpoint and equally spaced flanking regions (29a, 38) . However, our larger-scale analysis involved the selection of up to three breakpoints that were spaced to maximize the chi-square value. Establishing this type of null distribution with several breakpoints is computationally more complex and not currently possible in an automated manner using the number of sequences analyzed here. An additional inherent limitation to intrasubtype recombination analysis is that recombinant sequences whose parental sequences were very similar or not present in our data set would not have been detectable. Despite these limitations, our analysis using the best available methods and conservative statistical correction clearly demonstrates that intrasubtype recombinants are common among HIV-1 subtype C genomes.
In this study, the space between two informative sites flanking a putative breakpoint often spanned several hundred to several thousand base pairs; thus, uncertainty existed in most breakpoint estimates. Additional methods or more intensely sampled sequences would be needed to better define these breakpoints in order to compare them across genomes and identify hot/cold spots of recombination. Such analyses may provide additional information about the mechanism(s) of recombination.
Our study demonstrated that intrasubtype recombination can be detected and is common among circulating HIV-1 subtype C strains throughout the genome. This work underscores the importance of recombination as a significant contributor to HIV-1 diversity as well as the value of taking intrasubtype recombination into account in phylogenetic analyses of HIV-1. Accurate phylogenetic inferences may be important for future vaccine designs based on most central or ancestral sequences.
